INTRODUCTION
Oculodentodigital dysplasia (ODDD) is an autosomal dominantly inherited disorder characterized by anomalies of face, eyes, limbs and teeth with a high manifestation and variable expression (1) . The most common symptoms are syndactyly, enamel hypoplasia, microdontia, microcornea and craniofacial, skeletal and skin alterations (2 -6) . Furthermore, some neurological and cardiac symptoms were described, such as spastic paraparesis, ataxia, progressive leukodystrophy (7) and arrhythmias, which were discussed as the reason for the sudden cardiac death in an affected family (8) . ODDD is caused by mutations in the GJA1 gene, coding for connexin43 (Cx43) protein (8) , which is expressed in many cell types and has essential functions during embryonic development. Cx43 is a member of the connexin family that comprises 21 different proteins in humans and 20 in mice (9) . Connexin proteins show characteristic domains including the cytoplasmic N-terminus, four transmembrane and two extracellular regions, a cytoplasmic loop and the cytoplasmic C-terminal region. Connexins oligomerize into hexameric connexons or hemichannels that can dock to each other in contacting plasma membranes forming gap junction channels (GJCs). These channels facilitate electric and metabolic communication between cells of the cardiovascular, the central nervous system and other tissues. GJCs allow the diffusional exchange of metabolites such as sugars, amino acids, nucleotides and ions (10) or second messengers such as cAMP, Ca 2þ , NAD þ or IP 3 between contacting cells (11) .
Recent data suggest that unpaired hemichannels can transiently open under cellular stress, i.e. hypoxia (12) . These hemichannels have been proposed to be also permeable to second messengers such as ATP or NAD þ , indicating their potential involvement in cellular signaling (11 -13) . However, the molecular identity of hemichannels and their physiological role are still controversially discussed (14) . For example, besides connexin hemichannels, also pannexins and the purinergic P2X7 receptor have been suggested to be involved in the cellular release of ATP (14) .
Several of the known Cx43 mutations causing ODDD have already been analyzed after expression in different cell lines. These mutations impaired Cx43-mediated gap junctional conductance [I130T, K134E, G138R; G21R; F52dup, R202H, L90V, Y17S and A40V (15) (16) (17) ], disturbed [Y17S, G21R, A40V, F52dup, L90V and I130T (18) ] or enhanced the activity of ATP release [I31M, G138R and G143S (19) ]. Three of these Cx43 mutant proteins [F52dup, R202H and H194P (18, 19) ] were not found in the plasma membrane, suggesting defective oligomerization or trafficking. Others were only located in the plasma membrane when co-expressed with wild-type Cx43 (Cx43WT). The phenotypic variability of ODDD between different mutations (interfamiliar variability) was discussed as an altered selectivity of heterologous GJCs containing wild-type Cx43 and the mutated form (Cx43R202H) (17) or as a difference in dominant potency between the mutations (G21R and G138R) (20) . However, the molecular mechanisms underlying for the intrafamiliar variability are still unclear.
A mouse model for ODDD, the Gja1 Jrt/þ mouse, has been already described (21) . These mice, originated from a screen after N-ethyl-N-nitroso urea mutagenesis, express the Cx43G60S mutation and phenocopy many clinical ODDD symptoms. However, the Cx43G60S mutation has so far not been found in patients and is constitutively expressed in the transgenic mice. Thus, phenotypic alterations due to expression of the Cx43 mutation in different cell types cannot be dissected.
In this study, we generated a targeted, conditional mouse model for ODDD expressing the Cx43G138R mutation. Previously, it has been shown (15) that the Cx43G138R protein was expressed in contacting membranes and found in communication-deficient plaques, thus excluding a trafficking defect as being responsible for the observed lack of gap junctional communication. After ubiquitous expression, the Cx43þ/G138R mice showed all phenotypes known for ODDD in human patients with a corresponding (intrafamiliar) variability. Additionally, we investigated the influence of the mutated Cx43 protein on the function of GJCs and ATP release in stably transfected HeLa cells, mouse embryonic stem cells and embryonic ventricular cardiomyocytes. We demonstrated that GJCs and ATP release from Cx43G138R-expressing cells exhibited different properties, compared with Cx43WT cells. In accordance with a previous report (16) , we found a lack of intercellular coupling via Cx43G138R homotypic GJCs, whereas Cx43G138R formed functional heterotypic channels with Cx43WT . Furthermore, we demonstrate enhanced activity of ATP-releasing channels in Cx43G138R cells which in addition to the strongly reduced gap junction intercellular communication could contribute to the severe ventricular tachycardias observed in mutant hearts.
RESULTS

Generation of Cx43G138R-expressing mice
In order to investigate the influence of Cx43G138R mutation in different tissues, we generated mice in which the cell type-specific activation of this mutated gene could be accomplished by Cre-recombinase-mediated deletion of the loxPflanked Cx43WT region (Fig. 1A) . The Cre-recombinase activity led to the expression of the Cx43G138R-internal ribosomal entry site (IRES)-eGFP cassette (Fig. 1C) under the control of the Cx43 regulatory elements. For the selection of vector containing HM1 embryonic stem (ES) cells, the neomycin resistance gene flanked by frt sites was cloned directly after the polyA signal of Cx43WT. One of 251 ES cell clones had undergone correct homologous recombination and was used for blastocyst injections. The integration into the Cx43 locus was demonstrated in the different genotypes of the Cx43floxG138R mouse line before and after Cre-mediated recombination (Fig. 1D) . The Cx43þ/floxG138R mice were mated with PGK-, alphaMyHC-or Nestin-Cre-expressing mice for ubiquitous, cardiac myocyte or early neuron-specific activation of the mutated gene. Furthermore, the cell type-specific transcription of the Cx43G138R-IRES-eGFP cassette, as a long 4.4 kb mRNA, was found in heart but not in brain after the alphaMyHC-Cre activity (Fig. 1E) . The mice were genotyped by polymerase chain reaction (PCR), as shown in Figure 1F .
Morphologic abnormalities in Cx43G138R heterozygous mice equal those in ODDD patients
The ubiquitous and heterozygous expression of the Cx43G138R mutation resulted in mice exhibiting different ODDD characteristics with variable penetrance and appearance. The observed phenotypic manifestations were syndactyly in 70% ( Fig. 2A -E) , enamel hypoplasia in 80% (F and G), craniofacial abnormalities in 70% (H) and sparse hair in 30% (I) of all mutants. Syndactyly affected only the soft tissue (type III syndactyly) (Fig. 2E ) and was observed in the second, third and fourth digits on all limbs. The reduction of dental enamel was obvious as translucent teeth and their faster abrasion with age. Furthermore, the craniofacial anomalies described in ODDD patients, i.e. the prominent and depressed nasal bridge and microcephaly (8) , could largely be observed in the Cx43þ/G138R mice. The morphologic skull analysis of 3 -9-week-old mutants (Fig. 2H ) revealed an obvious compactness of the facial region and differences in the angle of the nasal bone, the zygomatic
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Human Molecular Genetics, 2008, Vol. 17, No. 4 arch, the eye pits and the size of the mandible, similar to as reported in ODDD patients (8) . Sparse hair, an infrequent symptom of ODDD, was rarely observed and became more pronounced in adult mice.
Bone morphology of Cx43 1/G138R mice is similar to the one observed in ODDD patients
Hypoplasias of the phalages, broad tubular bones and hyperostosis of the skull have also been reported in patients with ODDD (8) . In Cx43þ/G138R mice, a significant osteopenia was observed. Seven males per genotype group were used for analysis. The results show significantly lower trabecular bone volume in ODDD relative to wild-type littermates, indicating a reduction in trabecular bone mass. Accordingly, trabecular spacing was increased and the osteoblast number was not significantly decreased in the mutant mice ( Fig. 3) , even though trabecular thickness was not different. In all investigated mutants, a high variability was observed. The Cx43G138R mutation frequently results in premature death because of cardiac expression
The matings of Cx43þ/floxG138R male mice with PGK-Cre female mice (n ¼ 32) yielded a reduction in the Mendelian ratio from 50 to 23% of mutants in a litter (Fig. 4A) . The mutants were Cx43þ/G138R:PGK-Cre and Cx43þ/G138R because of the activity of active Cre protein on the oocyte level (22) . The observed embryonic lethality of 54% in mutants could be narrowed to a period between ED 14.5 and ED 16.5 (data not shown). In order to ascertain the tissue responsible for the lethality, the Cx43þ/floxG138R female mice were mated with alphaMyHC-Cre or Nestin-Cre male mice to specifically activate the mutation in heart or early neurons. Conditional activation of the Cx43G138R mutation in the heart (29 matings) revealed a reduction in the expected number of mutants in a litter (mutants were Cx43þ/ flox:alphaMyHC-Cre; expected frequency of mutants: 25%, born: 14% and reduction: 44%). Thus, the lethality of mice with cardiac-specific mutation was similar to that observed with the ubiquitous mutants (44-54%; P ¼ 0.1) and occurred at the same embryonic stage. In contrast, the activation of the point-mutated gene in early neurons, using the Nestin-Cre mice (n ¼ 15 matings), did not influence the survival of the heterozygous mutants (mutants were Cx43þ/flox:Nestin-Cre). The surviving cardiac-specific mutants died during the first 6.5 months after birth (Fig. 4B) . Thus, these data imply that the mutant mice die because of cardiac alterations.
Morphologic development of the heart
As Cx43-deficient mice died at birth due to a failure in pulmonary gas exchange as a result of an altered right ventricular outflow tract (23) , it was important to check the heart morphology in our adult mutants (Supplementary Material, Fig. S10A -D) . Nine Cx43þ/floxG138R:alphaMyHC-Cre hearts, two Cx43þ/þ:alphaMyHC-Cre hearts and three Cx43þ/þ hearts were investigated morphologically. Two of the nine Cx43þ/floxG138R:alphaMyHC-Cre hearts were smaller than that of the control group. Microscopically, no structural defects were detected. Both atrial septation and ventricular septation were normal. The pulmonary outlet was open, in contrast to subpulmonary obstruction with abnormal pouch formation in Cx43-deficient mice. Coronary arteries originated from the aorta normally, and their arrangement appeared the same as in wild-type mice.
Cardiac function in cardiac-specific Cx43G138R mutants: spontaneous arrhythmias in vivo and ex vivo disturbed impulse propagation in surface electrocardiograms and no alteration in echocardiography indicates an electrical problem in G138R mutated mice
In two ODDD families, severe cardiac abnormalities have been described with two cases resulting in sudden cardiac death probably due to arrhythmia (8) . In our studies, all Cx43þ/ floxG138R:alphaMyHC-Cre mice died during the first 6.5 months postnatally (n ¼ 16, Fig. 4B ). The functional cardiac (Fig. 5B -I ). This prevented analysis of sinus rhythm and application of stimulation protocols to Cx43þ/floxG138R: alphaMyHC-Cre hearts. Therefore, no systematic evaluation of conductive properties could be carried out, and the mechanism(s) responsible for the induction of these arrhythmias could not be further explored. Epicardial activation maps revealed a heterogeneous distribution of activity in the ventricles during these episodes. The surface and intercardiac ECG studies showed significant changes in P, PQ, QRS and QTc intervals and R and RS amplitudes. The most prominent change was the broadening of the QRS complex and decrease in the R wave, indicating disturbed impulse propagation in the ventricle accompanied by low voltage ECG ( Fig. 5A and Table 1 ). Using ECG recordings in vivo under normal normoxic conditions, we observed spontaneous arrhythmic events such as ventricular extra systole (VES) in the Cx43þ/ floxG138R:alphaMyHC-Cre mice (Fig. 5J) . The frequency and severity of arrhythmic events were strongly increased by hypoxic stimulation (Fig. 5J and Supplementary Material, Fig. S12 ). In fact, VES developed with 5.1-fold higher probability during application of hypoxia in mutants, whereas no VES could be seen in wild-type littermates. Even VTs (four or more consecutive VES events) could rarely be observed in mutated mice (Fig. 5J, middle panel) ; none of the mice tested died during the hypoxic stimulations.
Anesthetized mice were also functionally analyzed using echocardiography. This analysis yielded no significant changes to wild-type mice in regard to the heart frequency, left ventricular muscle mass, left ventricular end-diastolic The Cx43G138R protein is not phosphorylated but expressed in ODDD mutated hearts
Previously, it has been described that the phosphorylation of Cx43 regulates gap junctional and even the activity of ATP-releasing channels (12) . We therefore tested whether the phosphorylation of Cx43G138R-containing channels is affected in vitro and in vivo. Immunoprecipitations of Cx43 from 32 P-labeled HeLa transfectants ( Fig. 6A ) and immunoblot analyses of heart lysates ( Fig. 6B) clearly showed a partial lack of phosphorylation of the Cx43G138R isoform.
Equal amounts of Cx43WT-or Cx43G138R-expressing cells (see 35 S methionine labeling) were labeled with 32 P ATP, followed by immunoprecipitation of Cx43. The results clearly indicate that up to 80% of the Cx43G138R protein is not phosphorylated, in comparison with Cx43WT. Immunoblot analyses also showed in Cx43þ/ floxG138R:alphaMyHC-Cre hearts that the P2 phosphorylation isoform of Cx43 is absent. Immunofluorescence analyses of connexin isoforms in the ventricle revealed a slightly altered localization of these proteins in mutated hearts. Cx43-specific signals were detected in intercalated discs and in lateral contact membranes of ventricular cardiomyocytes ( Fig. 6C-F) , indicating an unhindered trafficking but a slightly changed localization of the Cx43G138R channels. Additional analyses to determine the expression of Cx40 in the atria and Cx45 in the ventricle, where Cx43 and Cx43G138R are co-expressed, revealed no changes in mutated relative to wild-type hearts (data not shown). This suggests no trans-dominant effects of the mutant protein onto Cx40 and Cx45 in the heart. The Cx43G138R ODDD mutation leads to a loss of Cx43-mediated conduction, which can be maintained in heterozygous animals by Cx43WT homotypic and Cx43G138R/Cx43WT heterotypic channels
In order to determine the function of the Cx43G138R mutated protein, microinjections of tracers and electrophysiological studies were performed using mouse embryonic cardiomyocytes, ES cells and stably transfected HeLa cells ( Fig. 7A -H) . The microinjections into cardiomyocytes resulted in a reduction of neurobiotin transfer by 94%, thus indicating that only 6% of connexin-mediated conduction is maintained in Cx43 þ/G138R cardiomyocytes (Fig. 7I) . Furthermore, the neurobiotin transfer in Cx43 þ/G138R mouse ES cells, which heterozygously expressed the Cx43 mutation, was reduced by 79% (Fig. 7I) . Because of possible co-expression of additional connexins in cardiomyocytes (Cx45) or ES cells (Cx45 and Cx31), microinjection analyses using cells expressing only Cx43 isoforms were performed. Thus, HeLa cells stably expressing Cx43G138R alone or in the presence of Cx43WT proteins were investigated. No neurobiotin transfer could be detected in cells expressing only Cx43G138R (n ¼ 15), whereas in cells co-expressing Cx43WT and Cx43G138R, neurobiotin transfer was slightly higher, suggesting a strong reduction or even a loss of Cx43-mediated conductance in Cx43 þ/G138R mice. Electrophysiological studies using dual whole-cell voltage clamp (24) revealed that all 14 examined HeLa Cx43G138R cell pairs exhibiting eGFP fluorescence (non-fused construct) demonstrated complete absence of coupling. In order to determine whether Cx43-mediated coupling in Cx43 þ/G138R mice is maintained through Cx43G138R/Cx43WT heterotypic channels besides wild-type homotypic channels, we examined cell -cell coupling in co-cultures of HeLa cells expressing Cx43G138R and Cx43-eGFP (fusion construct). We found well distinguishable and, in many cases, multiple junctional plaques in the contact regions between cells expressing Cx43G138R and cells expressing Cx43-eGFP (Fig. 7J) . Figure 7K shows the averaged dependence of junctional conductance (G j ) on transjunctional voltage (V j ) that was obtained by measuring junctional current (I j ) dynamics over time in response to long (150 s) V j ramps that change from 0 to þ120 mV and from 0 to 2120 mV [for more details see Fig. 3 in (25) ]. In all nine cell pairs examined, G j 2V j dependence was asymmetric with higher V j gating sensitivity at positive voltage on the Cx43-eGFP side. GJC gating at the single-channel level (Fig. 7L) shows a tendency to open during a negative voltage step and to close during a positive voltage step, applied to the HeLaCx43-eGFP cell. This gating asymmetry at the single-channel level is in accordance with macroscopic G j 2V j dependence, as shown in Figure 7K . Figure 7M shows the I j record of a single channel in a heterotypic junction during application of hyperpolarizing V j step of 87 mV with a HeLaCx43G138R cell. In the example shown, the singlechannel conductance at the open state is 103 pS, and channels mainly gate between the open state and a substrate or the residual state with a conductance of 25 pS. We ascribe this kind of gating to the fast gating (26) . Besides the fact that most gating transitions are between open and residual states of 78 pS in magnitude, we also observed, but more rarely, transitions between the open state and the fully closed state (indicated by arrows), which can be ascribed to the slow gating (26) . Earlier, it was reported that Cx43-eGFP channels exhibit the slow but not the fast gating mechanism. Therefore, the data shown in Figure 7M should be ascribed to the gating of Cx43G138R hemichannels, which presumably retain both fast and slow gating mechanisms such as wild-type Cx43. Gating to the substate can also be seen in Figure 7M at the negative V j step. Both macroscopic and microscopic gating properties shown in Figure 7K and M suggest that Cx43G138R hemichannels exhibit higher V j gating sensitivity than Cx43-eGFP hemichannels and presumably gate at negativity on the cytoplasmic side of Cx43G138R. HeLa cells are known to express intrinsically Cx45, but at very low level (25) . If one assumes that the cell -cell coupling shown occurs through Cx43-eGFP/Cx45 heterotypic junctions then (i) the macroscopic G j /V j dependence should be more asymmetric with higher voltage sensitivity at positive V j (27) , (ii) single-channel conductance of the open state should be 55 pS (27) instead of 100 pS (Fig. 7M) , (iii) among 14 examined HeLaCx43G138R cell pairs, at least one or few of them should show coupling with some Cx45 channels instead of full absence of coupling and (iv) junctional plaques should be much smaller than those shown in Figure 7J (25) . Therefore, we can strongly argue that observed coupling is not due to the formation of Cx43/Cx45 instead of Cx43/ Cx43G138R channels. We suggest that at V j ¼ 0 mV, only a fraction of Cx43G138R hemichannels are open. At V j ¼ 0 mV, open probability of the Cx43WT hemichannel is close to 1 and therefore the open probability of Cx43G138R/ Cx43WT GJ channels will be limited by the open probability of Cx43G138R hemichannels (p Cx43G138R ). If, for example, p Cx43G138R equals 0.1, then only one of 100 Cx43G138R homotypic channels will be open, which may explain the low functional efficiency of Cx43G138R homotypic junctions.
Cells expressing Cx43G138R show enhanced release of ATP As recently described, some ODDD mutations can lead to the reduced release of ATP through hemichannels (18) . To investigate whether the Cx43G138R mutation alters cellular ATP release, we measured the extracellular ATP concentration and propidium iodide uptake of cultured cells expressing Cx43G138R upon stimulation in calcium-free solution or under hypoxic conditions (Fig. 8) . The heterozygously recombined ES cells expressing the ODDD-mutated Cx43 besides Cx43WT released 2.0-fold more ATP than wild-type ES cells cultured in calcium-free medium (Fig. 8A) . Cardiomyocytes derived from embryonic Cx43þ/ floxG138R:alphaMyHC-Cre or wild-type hearts on ED 12.5 or ED 16.5 were tested in the hypoxic incubator. The activity of ATP-releasing channels in oxygen-dependent cardiomyocytes on ED 16.5, but not in the oxygen-independent ED 12.5 cells, could be stimulated by hypoxia (Fig. 8B) . A 1.8-fold higher ATP concentration in media from mutant cells was measured. The increased activity of ATP-releasing channels was also confirmed by propidium iodide uptake in embryonic cardiomyocytes stimulated in calcium-free medium (Fig. 8C) . The mutated cells exhibited 2.5-fold higher ATP release than wild-type cells.
The activity of ATP-releasing channels influences the beating frequency of embryonic Cx431/floxG138R: alphaMyHC-Cre cardiomyocytes
To investigate the potential functional relevance of ATPreleasing channels, we next assessed the beating rates in mutant and wild-type cardiomyocytes. We found that embryonic cardiomyocytes isolated from cardiac-specific mutants exhibited a 1.6-fold higher beating frequency (242 bpm) than wild-type cardiomyocytes (148 bpm; P , 0.001) (Fig. 9) . 
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Human This finding in combination with the increased ATP release and dye uptake (discussed earlier) indicated an ATP release channel-dependent positive chronotropic effect. This was further investigated by using peptides and drugs that have been reported to inhibit the activity of ATP-releasing hemichannels. Flufenaminic acid (FFA) (50 mM) or the mimetic peptide Gap26 (300 mM) blocked the ATP-releasing channels, whereas the activity of GJCs was un-affected (data not shown). Both these pharmacological agents reduced the beating frequency of mutated cardiomyocytes to the level of wild-type cardiomyocytes (FFA: 155 bpm and Gap26: 143 bpm), supporting a functional impact of ATP-releasing channels.
DISCUSSION
Here, we present a new conditional mouse model for ODDD, carrying the human Cx43G138R point mutation. The main findings of our study are the occurrence of all common phenotypes of the human-inherited disease ODDD and the heartrelated mortality of Cx43G138R heterozygously mutated mice. The mortality of the mice is likely due to the strongly decreased gap junctional function, supporting the proarrhythmic action of the G138R-mutated Cx43 protein. This appears to be associated with a partial lack of phosphorylation. The gap junction blocker FFA at a concentration inhibiting ATP-releasing hemichannels or the mimetic peptide Gap26 as specific blocker of these channels reduced the increased beating frequency of mutated cardiomyocytes in culture to the same level as observed in wild-type cells. This suggests that the spontaneous ventricular arrhythmias observed in Langendorff and in vivo recordings of mutated adult hearts are mainly due to the strongly decreased gap junctional coupling and could be aggravated by the increased release of cellular ATP or other small molecules. The G138R mutation is localized in the cytoplasmic loop of the membrane-embedded Cx43 protein, i.e. the receptor domain for the C-terminal tail in the ball-and-chain model describing the opening and closing of a GJC (28) . This mutation was characterized in transfected cells as a dominantnegative one inhibiting the gap junctional function of wildtype Cx43 (16) . Thus, this mutation leads to a lack of GJC activity, although the Cx43 protein is still expressed in the cell membrane. These properties clearly distinguish the (A and B) , and tracer uptake studies (C) showed a doubled activity of ATP-releasing channels. (A) Recombined, heterozygous ES cells expressing the mutation showed an increased activity of the ATP-releasing channels. (B) In oxygen-dependent cardiomyocytes (ED 16.5), the activity of ATP-releasing channels could be observed after 1.5 h of stimulation in a hypoxic incubator, but was not detected in oxygen-independent cells derived from younger embryos (ED 12.5). (C) Studies of tracer uptake of Cx43þ/ floxG138R:alphaMyHC-Cre cardiomyocytes also indicate the doubled activity of these channels before and after stimulation, as already shown in the ATP-release experiments. Figure 9 . Activity of ATP-releasing channels influences the beating frequency of mutated cardiomyocytes. Mutated cardiomyocytes beat faster than the wildtype ones (P , 0.001). Application of FFA or the mimetic peptide Gap26 at concentrations blocking the ATP-releasing channel activities decreased the beating frequency of mutant cells to the wild-type level (P , 0.001).
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Cx43G138R mutation from Cx43 null mutant mice that do not express the Cx43 protein and the Cx43G60S mutation, where the mutated protein is largely excluded from the plasma membrane (21) . In our study, we confirmed the dominance of the G138R mutation using embryonic cardiomyocytes from heterozygous mice and found a strong (94%) reduction in cell-to-cell permeability of tracer molecules. Furthermore, the loss of the P2 phosphorylation band that was observed in the mutated mouse hearts under in vitro and in vivo conditions has been suggested to be associated with the loss of Cx43 channel function (29, 30) . Thus, the glycine residue at position 138 of Cx43 seems to contribute to the occurrence of the P2 phosphorylation state and the function of GJCs. A possible explanation for this could be the influence of glycine 138 on the structure of the cytoplasmic loop, which contains two distinct alpha helical regions promoting the binding to the channel closing C-terminal tail (31) .
After ubiquitous activation of the mutated Cx43G138R gene in the transgenic mice, all ODDD phenotypic manifestations described in patients including syndactyly, craniofacial, bone and cardiac abnormalities were found. These abnormalities demonstrate the importance of Cx43 during embryonic development and confirm the identity of this ODDD mouse model. Because of high embryonic lethality of the ubiquitously expressed mutant and the necessity to compare mice of the same gender and age for the bone morphological studies, we only tested male mice. Here, significant osteopenia with reduced bone volume and increased trabecular spacing was observed. This is most likely due to a decreased number of osteoblasts in the ODDD mutant mice, although the difference in osteoblast number was not statistically significant, probably due to the high variability of the ODDD phenotype. Notably, expression of Cx43G138R, as well as other ODDD mutants in osteoblast-enriched calvaria cells, does not seem to alter the ability of these cells to differentiate and produce mineralized matrix in vitro (32) . Therefore, the dominant-negative effect of the mutant proteins may not be sufficient to completely inhibit wild-type Cx43 in committed osteoblasts, but it may be sufficient to interfere with earlier commitment of stromal cell precursors. A reduced number of osteoblasts in the ODDD transgenic mice would be consistent with this notion.
The conditional approach allowed us to investigate the influence of the G138R mutation in each cell type, where the Cre-recombinase can be specifically activated. Thus, we were able to determine the heart as the causative tissue for the embryonic lethality observed in the mutant, further underlining the importance of Cx43 for normal heart function. In humans, only few ODDD patients have been reported to suffer from a cardiac phenotype. However, the Cx43G60S and, even to a stronger degree, the Cx43G138R mutant mice exhibit cardiac dysfunctions, which have not been reported for ODDD patients. Currently, we cannot exclude that the mouse heart is more sensitive to Cx43 ODDD like mutations than the human heart. On the basis of our report as well as the study by Flenniken et al. (21) , it appears possible that some of the ODDD patients may exhibit a cardiac phenotype during hypoxic stress that has not yet been detected. It is also possible that up-regulation of other connexins such as Cx45 in human heart failure (33) can partially compensate for the loss of Cx43 coupling. However, we could not find such an up-regulation of Cx45 in the Cx43G138R mouse mutant.
Because of the embryonic lethality due to cardiac expression of the Cx43G138R mutation, we carried out a detailed investigation of the cardiac phenotype and its molecular basis. To exclude the influence of any other organs such as the central nervous system, we performed all cardiac analyses with mice specifically expressing the Cx43G138R mutation in cardiomyocytes (Cx43þ/floxG138R:alphaMyHC-Cre). In addition to the heart-related embryonic lethality, we found premature lethality in adult mutants during 2 -6.5 months after birth, as determined by the Kaplan-Meier survival curve (Fig. 4B) . The observed in vivo arrhythmias (Fig. 5J) , which are particularly pronounced during hypoxic periods (Supplementary Material, Fig. S12 ), could be responsible or at least associated with the high lethality of ODDD-mutated mice.
The cardiac function in adult mice was determined by surface and intracardiac ECG, Langendorff and in vivo ECG measurements. Suppressed impulse propagation in the ventricle recognized by the broadening of the QRS complex and the lowering of its amplitude are similar to the situation in the Cx43-deficient heart (34). The Cx43-mediated coupling in the heterozygous mouse mutant described in this article is maintained by Cx43G138R-Cx43WT heterotypic and Cx43WT-Cx43WT homotypic channels.
The most striking findings in the Cx43G138R transgenic mice were the development of severe ventricular tachycardias, the missing influence of the mutation on heart morphology, as seen in the Cx43-deficient mice, and the increased activity of ATP-releasing channels. In fact, the predisposition to arrhythmia in Cx43G138R mice can be explained by the uncoupling of ventricular cardiomyocytes, resulting in the loss of directed electrical conduction. This has been discussed for adult Cx43-deficient hearts (34, 35) , exhibiting ventricular arrhythmias that occur less frequently than in Cx43þ/floxG138R: alphaMyHC-Cre mice. In this context, van Rijen et al. (35) showed that only a low percentage of cardiac Cx43-depleted animals developed spontaneous arrhythmias, whereas all of the Cx43G138R mice exhibited spontaneous VTs implicating an enhanced arrhythmogeneity of the G138R mutation versus the Cx43-deficient heart.
The previously published Cx43 mutant by Flenniken et al. (21) showed no relevant QRS-prolongation, low-voltage ECG or long-lasting ventricular arrhythmias, but significantly prolonged P-waves and AV nodal conduction blocks. Analogous conduction defects of the atria and AV node, i.e. P-prolongation and first-degree AV nodal block, occurred in Cx43þ/floxG138R:alphaMyHC-Cre mice. In comparison with other mouse strains with alterations of Cx43 expression and function, the Cx43G138R mutant seems to have the strongest impact on cardiac arrhythmogeneity, resulting in prominent alterations of the electrical conduction in atria, AV node and ventricular myocardium accompanied by severely enhanced arrhythmogeneity in vivo and in the isolated heart. These findings point toward more severe alterations of intercellular coupling, conduction properties and other Cx43 functions when compared with all other Cx43 mutants described to date. A possible molecular basis for the striking
arrhythmogeneity of G138R mutated hearts may be enhanced activity of the ATP-releasing channels, which form a leak across the plasma membrane. This could lead to a reduction in the resting potential, as already proposed for mCx30.2 (36) . This may contribute to enhanced automaticity and initiation of extrasystolic activity. This notion is supported by aggravation of cardiac arrhythmia during short hypoxic phases. Here, the opening times of ATP-releasing channels may be extended, leading to increased uncoupling of cardiomyocytes and thus to ventricular arrhythmia. The increased activity of ATP-releasing channels was observed in transgenic ES cells and embryonic cardiomyocytes expressing the same amount of both Cx43WT and Cx43G138R proteins. We found under hypoxic conditions an 80% increased ATP release in oxygen-dependent cardiomyocytes (ED 16.5), but not in oxygen-independent ones (ED 12.5).
The physiological relevance of this gain-of-function mutation regarding the ATP-releasing channel activity was studied in cultured cardiomyocytes. Here, we could lower the increased beating frequency of mutated cells to the wildtype level using Gap26, a mimetic peptide with an amino acid sequence corresponding to the region of the first extracellular loop of Cx43 as a blocker of ATP-releasing channels. Furthermore, this experiment clearly shows that the blockade of ATP-releasing channels in wild-type cells does not influence the beating frequency of wild-type ventricular cardiomyocytes. We hypothesize that the increased activity of ATP-releasing channels and the associated increased release of ions could depolarize the membrane potential of the mutated cells. Under this aspect, the ATP-releasing channels in Cx43G138R mutated cells show some analogy to the mutated cardiac potassium channel KCNQ1 (37) . This gain-of-function mutation in the KCNQ1 gene, associated with the long-QT syndrome in a Chinese family, was shown to be the molecular basis for the autosomal-dominant atrial fibrillation of the corresponding patients. However, this hypothesis needs to be corroborated by further experiments.
Our results suggest that increased activity of ATP-releasing channels in patients with ODDD mutations can aggravate the predisposition to arrhythmias, which is due to the strong reduction of gap junctional communication (cf. 35). The Cx43G138R mouse model of ODDD will be further used to analyze the effects of increased activity of ATP-releasing channels on bone formation, syndactyly and astrocytic functions.
MATERIALS AND METHODS
All mice used in this study were kept under standard housing conditions with a 12 h/12 h dark -light cycle and with food and water ad libitum. All experiments were carried out in accordance with local and state regulations for research with animals.
Cloning of the conditional Cx43G138R expression vector
The Cx43G138R mutation from a human patient (8) was inserted by PCR mutagenesis in the corresponding mouse gene, cloned into the pBluescript vector and sequenced in both directions by AGOWA (Berlin, Germany). The mutated gene was cloned into a vector containing the IRES and the eGFP cassettes by ClaI/XhoI digestions. The IRES sequence was cloned from pIRES (Clontech Laboratories, CA, USA) by EcoRI/XbaI into pBluescript, digested with SalI and the eGFP-coding DNA from pMJ-Green (38) by BamHI/NotI digestion into the pBluescript-IRES vector.
The final construct consisted of two homologous regions: a 4811 bp intron 5 0 upstream fragment and a 922 bp ClaI/EcoRI 3 0 downstream fragment from Cx43 genomic DNA. The neomycin selection cassette and its PGK promoter were flanked by frt sites and cloned downstream of the polyA signal of Cx43 by SalI digestion. Both the Cx43 coding region and the selection cassette were flanked by loxP sites, followed by the Cx43G138R-IRES-eGFP cassette (XbaI/EcoRI). The final conditional vector was partially sequenced by AGOWA after a restriction analysis. The functionality of the loxP and the frt sites was verified by transformation into Cre or Flp recombinase expressing Escherichia coli bacteria (39) . The function of the Cx43G138R-IRES-eGFP construct was tested in HeLa cells (described subsequently).
Screening of ES cell clones for homologous recombination
The targeting vector DNA (150 mg) was linearized by NotI digestion and transfected by electroporation (800 V and 3 mF) into murine ES cells (HM1) (40) . Selection of vector containing cells was performed using 350 mg/ml G418 (Invitrogen, Karlsruhe, Germany). In order to test for homologous recombination, genomic DNA from the ES cell clones was processed for PCR analysis using a 5 0 upstream primer, binding to the eGFP sequence in the targeting vector (eGFP_rev: CAT GGA CGA GCT GTA CAA GTA AAG CG), and an external 3 0 downstream primer specific for the 3 0 region of Cx43 (Cx43_3 0 HR: CAC TTG ATA GTC CAC TCT AAG CAA CC). To exclude clones in which recombination occurred partially, a second PCR analysis was performed with cells positive in the first one. Here, we used primers annealing upstream of the 5 0 loxP site (Cx43/31for: GCA CTT GGT AGG TAG AGC CTG TCA GGT C) and downstream behind it (Cx43/31rev: CTC CAC GGG TCT GTA CCC ACT GAC CTC). Clones found to be positive in both PCR analyses were tested by Southern blot hybridization. For this purpose, DNA from the PCR-positive clones was digested with HincII or BamHI (both for the hybridization with the internal probe) or HindIII (external probe). After electrophoretic separation on agarose gels, blotting onto Hybond Nþ membranes (Amersham Biosciences, Buck, UK) and ultraviolet crosslinking for fixation, hybridization was performed under stringent conditions using the Quick Hyb solution (Stratagene, La Jolla, CA, USA) at 688C for 1.5 h. A 550 bp HincII fragment from the coding region of Cx43 was used as the internal probe and a 550 bp AvaI fragment of the 3 0 homology region served as the external probe.
Generation and genotyping of the Cx43floxG138R mice
The homologously recombined ES cell clone was injected into C57BL/6 blastocysts, as described previously (41) . fur-color chimerism which afterwards mated with C57BL/6 mice. Germline transmission of the recombinant allele was checked in agouti offspring by PCR analyses of isolated tail DNA. The heterozygous Cx43þ/floxG138R mice were backcrossed with C57BL/6 mice to increase the C57BL/6 genetic background and mated to PGK-Cre (22), alphaMyHC-Cre (42) or Nestin-Cre (43) expressing mice for deletion of the floxed Cx43WT coding DNA and activation of the Cx43G138R allele ubiquitously in cardiomyocytes or in early neurons, respectively. To check for recombination after exposure to Cre-recombinase activity, BamHI digestion and hybridization with the internal probe were performed as described for screening of ES cell clones. Genotyping was performed by the PCR analysis using primers flanking the 5 0 upstream loxP site (primer1_loxP: GCA CTT GGT AGG TAG AGC CTG TCA GGT C and primer2_Cx43: GCT TCC CCA AGG CGC TCC AGT CAC CC). All experiments were carried out with littermates of .87.5% C57BL/6 genetic background.
Northern blot hybridization
Hearts and brains from transgenic and control mice were collected in liquid nitrogen. Total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, USA), following the instructions of the manufacturer. Twenty micrograms was electrophoretically separated, blotted and hybridized as described (44) . The same 550 bp HincII fragment of the Cx43 coding region that was used for Southern blot hybridizations was also used for Northern blot hybridization.
35
S methionine and 32 P ATP labeling of proteins HeLa cells cultured on 35 mM dishes were incubated in 500 ml deficiency medium (Dulbecco's modified Eagle's medium without L-glutamine and L-methionine or phosphate, c.c.pro, Neustadt, Germany) for 1 h at 378C and afterwards with 50 mCi 32 P ATP or 10 mCi 35 S methionine per 10 5 cells in same medium for 4 h at 378C. The labeled cells were washed three times with phosphate-buffered saline (PBS) and harvested in cold RIPA buffer (38) .
Immunoblot analysis and immunoprecipitation
Hearts or HeLa cells were solubilized in RIPA buffer and 1Â Complete (Roche, Mannheim, Germany) and sonicated three times for 10 s during incubation on ice. For immunoprecipitation, rabbit Cx43 serum (1:1000 in blocking solution) (45) was incubated with 10 ml protein A-Sepharose beads (Amersham Bioscience) for 30 min at 48C. Three hundred and fifty microgram protein were incubated with the antibodies-bead complexes for 1.5 h at 48C and washed three times with RIPA washing buffer for 10 min. For immunoblotting, the total protein was separated in SDS -PAGE and blotted onto Hybond ECL membrane (Amersham Bioscience). After blocking with 5% milk powder in washing buffer (8.5 mM TrisHCl, 1.7 mM Tris-base, 50 mM NaCl, 0.1% Tween-20) for 1 h at room temperature, a 1 h incubation was performed with rabbit Cx43 antibodies (1:2000 in blocking solution) and a 45 min incubation with goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies (1:25000 Dianova, Hamburg, Germany), with three wash steps in-between and afterwards. The membranes were incubated with enhanced chemiluminescence reagents (Amersham Bioscience) and developed on X-ray films.
Immunohistochemistry
Hearts were frozen in liquid nitrogen and embedded in Tissue Tec (Miles Inc., OH, USA) for cryostat sectioning. The sections (9 mm) were dried on air, fixed with absolute ethanol for 5 min at 2208C, washed three times with PBS 2 , blocked in 4% bovine serum albumin (Sigma Aldrich, Steinheim, Germany) for 30 min and incubated with rabbit anti-Cx43 serum (45) in blocking solution for 1 h. After washing with blocking solution, a 50 min incubation with goat anti-rabbit antibodies conjugated with Alexa 594 (1:2000 in blocking solution; MoBiTec, Göttingen, Germany) followed. After an additional washing step, the sections were embedded in Permaflour and analyzed with a Laser Scanning Microscope (LSM Axioplan 2; Zeiss, Germany).
Histological studies
Hearts investigated in the electrophysiological studies were fixed in 4% paraformaldehyde for 24 h at 48C, dehydrated and embedded in paraffin. The 3 mm thick sections were dried, deparaffinized with xylene, hydrated in a dilution series of ethanol, stained with hematoxylin/eosin, treated with xylene and mounted in Entellan (Merck, Hohenbrunn, Germany).
For bone analyses, tibiae were dissected and fixed in 10% formalin, decalcified in 14% EDTA for 14 days and embedded in paraffin. Sections were stained with hematoxylin/eosin. Quantitative histomorphometry was performed in an area 175 -875 mm distal to the growth plate using the OsteoMeasure software program (Osteometrix, Atlanta, GA, USA) in an epifluorescence microscopic system, as detailed (46) elsewhere. The following parameters of bone remodeling were estimated: trabecular bone volume as a percentage of total tissue volume (BV/TV), trabecular separation (Trabec.Sp. in micrometers) and osteoblast perimeter per bone surface (Ob.Pm/BS. in percent).
Cell culture experiments
HeLa cells were stably transfected with a vector containing the Cx43G138R-IRES-eGFP cassettes or the Cx43-coding DNA driven by a CMV promoter for overexpression. Double transfectants were generated by stable transfection of Cx43-expressing cells (47) with the Cx43G138R vector. The recombinant ES cells were generated by homologous recombination, as described earlier. To express the Cx43G138R protein, the ES cells were transduced with Cre protein and subcloned, as previously described (48) . The cardiomyocytes were derived from Cx43þ/floxG138R:alphaMyHC-Cre and for controls from Cx43þ/floxG138R ventricles of embryonic hearts on ED 12.5 and ED 16.5, as described previously (49) . Each heart was dissociated and plated separately; its 
ATP release and dye uptake studies
To measure the activity of ATP-releasing channels, cells were incubated in 500 ml modified Hank's balanced salt solution (HBSS; Sigma Aldrich) with or without Ca 2þ , Mg 2þ and additional 1 mM EGTA for 20 min at 378C. For hypoxic stimulation, the cells were incubated for 2 h in a hypoxic incubator (Herolab, Wiesloch, Germany).
For ATP release experiments, 100 ml of the supernatant was collected and incubated with 100 ml nucleotide releasing reagent (ViaLight HS kit, Cambrex, Rockland, ME, USA) for 20 min. The luciferase activity indicating ATP concentration was measured for 10 s with a Berthold Microplate LB96V luminometer after addition of 20 ml ATP monitoring reagent. The luminometric results were normalized to whole protein amount. In studies with HeLa transfected cells, the expression level of the mutant and the wild-type Cx43 protein were determined by the immunoblot analysis. Expression of Cx43G138R was normalized by GFP fluorescence and protein amount.
For dye uptake studies, ED 16.5 cardiomyocytes were incubated for 20 min in HBSS solutions with 10 mM propidium iodide, washed twice after bathing, fixed in 4% paraformaldehyde and mounted in Permaflour mounting medium (Immunotech, Marseille, France). The propidium iodide fluorescence was detected with a Zeiss microscope. To exclude all dead cells showing a weak fluorescence, only the number of pixels above a fixed threshold was used for further evaluation.
Microinjection analysis and patch clamp analysis
All tested cells were microinjected by iontophoresis with neurobiotin at confluency. In the case of embryonic cardiomyocytes, the peripheral cells of beating cell clusters were injected. The cultures were fixed in a fresh 1% glutaraldehyde in PBS 2 for 5 min, washed twice with PBS 2 and permeabilized with 2% Triton X-100 for 2 h at room temperature. After washing with PBS 2 , the cells were incubated with HRP-conjugated avidinD (Vector Laboratories, Burlingame, CA, USA) solution for 90 min, washed again and stained with the HistoGreen POD substrate kit (Linaris, WertheimBettingen, Germany), following manufacturer's instructions.
To study whether heterotypic Cx43G138R-Cx43WT channels are functional, Cx43G138R expressing HeLa cells and HeLa cells expressing Cx43WT-eGFP as a fusion protein were co-cultured. Cell pairs showing visible eGFP fluorescent plaques were identified and measured. Patch clamp protocols were used, as described previously (24) .
Comparative analysis of skull bones
Skulls from mutant and control mice of 3 weeks and 6 months of age were prepared. The skin, the brain and most of the flesh were removed. Then, the skulls were incubated with maggots cultures over night. The remaining tissue was removed carefully, and the skull bones were cleared in a 13% H 2 O 2 solution for 5 -10 min.
Application of inhalation anesthetics induces ventricular arrhythmias in cardiac-specific ODDD mutants
Ubiquitous and cardiac-specific mutants showed in contrast to wild-type mice a high lethality during isoflurane or sevoflurane anesthesia following standard protocols. In order to investigate the reason for the obvious incompatibility toward inhalation anesthetics, we administered ketamine (10 mg/kg weight) with disoprivan (0.05 mg/kg weight) for sedation and increasingly applied isoflurane (0.3% till exitus) during echocardiographic recording. Between 2 and 5% isoflurane, all cardiac-specific Cx43þ/floxG138R:alphaMyHC-Cre mutant mice investigated developed tachycardias and ventricular fibrillation, whereas wild-type mice tolerated these concentrations. Moreover, mutated mice developed apnea at normal sinus-rhythm electrograms, indicating possible hemodynamical complications because of electromechanical uncoupling suggesting severe electrical and electromechanical disturbances as the cause of death. However, ECG recordings could be successfully performed in several mice before these alterations occurred.
Electrophysiological and Langendorff studies
All electrophysiological in vivo measurements were carried out as described previously (35) . For evaluation of ex vivo myocardial conduction velocities and characteristics, hearts were Langendorff-perfused, and epicardial activation mapping (EAM) was performed using a 128-electrode array. Hearts were excorporated, dissected from surrounding tissue in ice-cold Krebs -Henseleit buffer and retrogradely perfused in a Langendorff apparatus (Radnoti Technologies Inc., Monrovia, CA, USA) at constant pressure (80 mmHg). The perfusate composition was (in millimolar): NaCl 110, KCl 4.6, MgSO 4 1.2, CaCl 2 , NaH 2 PO 4 2, NaHCO 3 25, glucose 8.3, Na-pyruvate 2 and gassed with carbogen (O 2 95%, CO 2 5%), pH, 7.3-7.45 at constant 378C. Under normal perfusion conditions, all hearts started beating spontaneously. Hundred twenty-eight unipolar extracellular electrograms were recorded from the epicardial surface of the left ventricle using a custommade electrode array. Interelectrode distance was 300 + 7 mm. Unipolar electrograms were recorded using a 128 channel computer-assisted recording system (Multi Channel Systems, Reutlingen, Germany), with a sampling rate of up to 25 kHz. Data were bandpass-filtered (50 Hz), digitized with 12 bit and a range of 20 mV.
Activation maps were calculated from these data using custom-made software (Labview 7.1, National Instruments, Austin, TX, USA). The first derivative of each unipolar electrogram was evaluated, and the maximal negative dV/dt activation was defined as time point of local activation in these mappings, as described before (35, 50, 51) . Color-coded mapping indicates with red earliest activated and with blue latest activated areas at given beat.
For in vivo ECG recordings, each animal was placed in a small apparatus (ECG tube, QRS Phenotyping Inc., Calgary, Canada), where the feet made contact with gel electrode pads (52) . ECG waves and intervals were measured with a PowerLab 26T device (ADInstruments, Colorado Springs) and tabulated using a pattern recognition program (Chart 5
552
Pro ADInstruments). For hypoxic stimulation in vivo, the animals were placed into the ECG tube, anesthetized with 0.5% isoflurane and exposed to hypoxic (hypoxia ¼ gas mixture of 5 -10% O 2 with 95-90% argon) for ,2 min or normoxic conditions.
Contractions of cultured embryonic cardiomyocytes
The beating frequency of cultured embryonic cardiomyocytes was measured after application of different drugs. Cells were exposed to FFA (50 mM, Sigma Aldrich) or the mimetic peptide Gap26 (300 mM, Genscript, USA) for 30 min at 378C. Movies of beating cardiomyocytes were recorded with a Sony XCD-X710 (Koeln, Germany) camera at 30 frames/s, and beating areas were analyzed off-line with a custom written software (Labview 7.1 and IMAQ, National Instruments). The number of pixels, which change their intensity above a defined threshold in consecutive frames, increased with each beat. This was used to calculate interspike intervals that were averaged over at least 20 s to obtain the average frequency.
